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Abstract
During early embryonic development, cranial neural crest cells emerge from the developing mid- and hindbrain. While numerous studies
have focused on integrin involvement in trunk neural crest cell migration, comparatively little is known about mechanisms of cranial neural
crest cell migration. We show that fibronectin, but not laminin, vitronectin, or type I collagen can support cranial neural crest cell migration
and segmentation in vitro. These behaviors require both the RGD and “synergy” sites located within the central cell-binding domain of
fibronectin. While these two sites are sufficient for cranial neural crest cell migration, we find that the second Heparin-binding domain of
fibronectin can provide additional support for cranial neural crest cell migration in vitro. Finally, using a function blocking monoclonal
antibody, we show that cranial neural crest cell migration on fibronectin requires the integrin 51.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
During early embryonic development, the neural crests
are induced at the border between the neural tissue and the
epidermis by components of the BMP, wnt, and FGF sig-
nalling pathways (Aybar and Mayor, 2002; LaBonne and
Bronner-Fraser, 1999; Mayor and Aybar, 2001). Neural
crest cells emigrate from the dorsal part of the embryo
migrating ventrally where they participate in the formation
of a range of tissues and differentiated cell types. Neural
crest cell specification depends on both initial premigratory
positions along the antero/posterior axis and the various
signals that they encounter during migration. The most
anterior population originates from the midbrain and hind-
brain and constitutes the cranial neural crest (CNC). The
posterior part of the neural tube gives rise to trunk neural
crest (TNC). In most species, CNC cells migrate individu-
ally through the head mesenchyme before reaching final
destinations. In contrast, Xenopus CNC migrate in compact
segments of multiple cells along well-defined pathways
(Sadaghiani and Thiebaud, 1987). This peculiarity makes
this model system especially well suited for CNC cell mi-
gration studies because of the accessibility of identifiable
populations of CNC cells.
Pioneering work done on the avian embryo using both
transplantation and in vitro migration assays has identi-
fied mechanisms by which TNC leave the neural epithe-
lium and migrate. Among the steps involved are the loss
of cell– cell adhesion and increased cell adhesion to the
surrounding extracellular matrix (ECM), the latter being
mostly controlled by integrin receptors (reviewed in Du-
band et al., 1996; Bronner-Fraser, 1994). In aves, fi-
bronectin, laminin, collagen, and vitronectin have each
been shown to support TNC cell migration (Delannet et
al., 1994; Dufour et al., 1988; Newgreen, 1982; Perris,
1997; Perris and Perissinotto, 2000; Rovasio et al., 1983;
Tucker and Erickson, 1984). TNC migration on these
substrates has been shown to involve members of both
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the 1 and 3 subfamilies of integrins (Delannet et al.,
1994; Desban and Duband, 1997; Kil et al., 1998;
Newgreen and Tan, 1993; Testaz and Duband, 2001).
Thus, it appears that many different integrins are used to
mediate trunk neural crest cell adhesion and migration
through the surrounding ECM.
Function blocking antibodies have been used to demon-
strate the importance of 1 integrins for cranial neural crest
cell migration in avian embryos (Bronner-Fraser, 1986).
Other studies using antisense oligonucleotides suggest that
at least three different integrins are involved in CNC cell
adhesion and migration on either fibronectin or laminin (Kil
et al., 1996). Antibody perturbation experiments suggest
that, while 1-containing integrins are absolutely required
for CNC migration, TNC migration in vivo can occur in the
absence of functional 1 (Lallier et al., 1992) possibly
through integrin v3 (Delannet et al., 1994). Similarly,
while TNC can migrate on collagen, avian CNC do not.
Thus, it appears that the integrin repertoire used by CNC
cells may be more restricted than that used by migrating
TNC cells. In mice lacking the integrin 5 subunit, CNC
apoptosis is observed, suggesting that this integrin is essen-
tial for CNC survival and possibly migration (Goh et al.,
1997).
Fibronectin is one of the best-understood ECM proteins
and is ubiquitously expressed in neural crest migration path-
Fig. 1. Nature of CNC explants. In situ hybridization using the neural crest markers X-slug, X-AP2, and X-twist. (A) Lateral view of an early neurula
hybridized with X-slug probe. The epidermis (ep) was peeled away to unmask the cranial neural crest territory prior to fixation. The borders of the peeled
epidermis are marked by two white arrowheads. The first incision corresponding to the ventral-most part of the explant is indicated by two black arrowheads.
Neural plate (np), neural crest (nc), mesoderm (m). (B, C) Cranial neural crest explants were fixed immediately after dissection and processed for in situ
hybridization with X- slug (B) or X-AP-2 (C). (D) Neurula from which both CNC were dissected were grown to tailbud stage, fixed, and processed for in
situ hybridization by using X-twist as a probe. The usual pattern of CNC observed in control embryos (stage 28, upper panel) is absent from dissected embryos
(stage 30, lower panel). Other sites of X-twist expression, such as the wolfian-duct (Wd), are unaffected. Structures surrounding the dissected tissue, such
as the otic vesicle (ot) and the eye (e) are also intact. pn, pronephros.
Fig. 2. Time lapse of cranial neural crest migration. Cranial neural crest explants dissected at stage 17 were placed on fibronectin (FN, left panels) or a GST
fusion protein containing the central cell binding domain of fibronectin (9.11). Similar explants from embryo expressing the green-fluorescent protein (GFP)
were grafted homotypicaly into unlabeled host embryos (in vivo). Grafted cells expressing GFP migrate in all pathways. The elapsed time in minutes is
indicated at left. Formation of borders between segments is indicated with white arrowheads. Scale bars represent 200 m.
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ways (Newgreen and Thiery, 1980). Fibronectin contains
multiple cell binding sites that are reported to interact with
as many as 12 distinct integrin heterodimers in addition to
binding syndecan (Darribere et al., 2000; Dzamba et al.,
2002). The central cell-binding domain (CCBD) of fi-
bronectin contains the RGD (Arginine-Glycine-Aspartic
acid) sequence and an adjacent site that acts in synergy with
RGD to allow 51-dependent cell spreading and cell mi-
gration (Mould et al., 1997; Obara and Yoshizato, 1995).
The C-terminal end of fibronectin contains one of two
known heparin-binding domains (Hep II), which contains
the PPRR sequence that mediates cell binding through syn-
decan 4. Cell interaction with Hep II is essential for the
formation of stable adhesive structures including the focal
contact (Woods et al., 2000). In amphibians, 51 binding
to the CCBD is required for mesodermal cell migration
(Alfandari et al., 1996; Davidson et al., 2002). While cell
attachment to the CCBD requires only the RGD site, cell
spreading and migration depend on the presence of an intact
synergy site (Ramos and DeSimone, 1996; Ramos et al.,
1996).
In Xenopus, at least four integrins are expressed at
developmental stages compatible with a role in CNC
migration: 31, 51, 61, and an v containing
integrin receptor (Joos et al., 1995, 1998; Lallier et al.,
1996a; Meng et al., 1997; Ransom et al., 1993; Whittaker
and DeSimone, 1993). Transcripts encoding the 5 sub-
unit are enriched in the CNC, while 3 mRNAs are most
prominent in the notochord (Joos et al., 1995; Meng et
al., 1997). The 61 laminin receptor is restricted to the
neural plate and some cells around the otic vesicle that
likely represent a subpopulation of CNC (Lallier et al.,
1996b). The v subunit is expressed ubiquitously (Joos et
al., 1998).
In this report, we analyze CNC migration on various
ECM proteins. We find that fibronectin is the only sub-
strate tested that can promote CNC cell migration in
vitro. CNC cells do not migrate on laminin 1, vitronectin,
or collagen I. Furthermore, we find that CNC cell migra-
tion depends on both the RGD and synergy sites of
fibronectin. Using a function blocking monoclonal anti-
body directed against integrin 51, we show that CNC
cell migration on the central cell-binding domain of fi-
bronectin requires 51. These results also demonstrate
that neither 31- nor v-containing integrin(s) can
compensate for the loss of 51 function and support
CNC cell migration on fibronectin.
Materials and methods
Eggs and embryos
Eggs were obtained from adult Xenopus laevis, fertilized,
and cultured as described in Alfandari et al. (1997). Em-
bryos were staged according to Nieuwkoop and Faber
(1967).
Substrates and adhesion assays
Substrates included bovine plasma fibronectin (Sig-
ma), EHS laminin (Sigma), vitronectin (Sigma), type I
collagen (Sigma), and GST-fibronectin fusion proteins
(Ramos and DeSimone, 1996). Proteins were diluted in
PBS at indicated concentration and coated overnight at
4°C in 96-well plates (Falcon Probind). Wells were
washed with PBS and blocked for at least 2 h at room
temperature in PBS containing 1% BSA (Intergen). Ex-
cess BSA was removed by two washes with 1 MBS
(Modified Barth’s Saline, NaCI 88 mM, KCI 1 mM,
NaHCO3 2.4 mM, CaNO3 0.3 mM, CaCI2 0.41mM,
MgSO4 0.82 mM, gentamicin sulfate 50 g/ml, Hepes 15
mM, pH 7.6) before starting the assay. Stripe substrates
were prepared exactly as described in Lallier (1996),
using the Bonhoeffer stripe assay (Walter et al., 1987).
XTC cell adhesion assays were performed exactly as
described in Gaultier et al. (2002). CNC adhesion assays:
CNC explants were dissected from neural stage embryos
(St. 17), as described below, and incubated in Ca2
Mg2- free MBS containing 1 mg/ml of BSA for 1 h at
15°C. Isolated cells were placed on substrate and allowed
to attach for 1 h at room temperature. Photographs were
taken before and after nonadherent cells were washed
away.
Antibodies
Monoclonal antibodies (mAb) directed against integrin
1 (Gawantka et al., 1992), 5 (Davidson et al., 2002), 3,
v (Cohen et al., 2000), and fibronectin (Ramos and DeSi-
mone, 1996) were grown in low immunoglobulin serum
(Hyclone) containing DMEM (Gibco) media. Antibodies
were purified on Protein-G agarose beads (Roche) accord-
ing to standard procedures (Harlow and Lane, 1988). Puri-
fied antibodies were dialyzed against Danilchik’s media (53
mM NaCl, 10 mM Na2CO3, K-Gluc 4.25 mM, MgSO4 1
mM, CaCl2 1 mM, Bicine 20 mM, pH 8.3), concentrated to
greater than 1 mg/ml (Centricon), aliquoted, and frozen at
80°C.
Cranial neural crest explants
Vitelline envelopes from stage 15 embryos were re-
moved in agarose-coated petri dishes containing 1 
MBS and 50 g/ml gentamicin sulfate. At stage 17,
embryos were transferred to plasticine coated petri dishes
and dissected in the same media. Dissections were car-
ried out as described in Borchers et al. (2000) by using an
eyebrow knife and hair loop. Explants were collected in
agarose-coated petri dishes containing Danilchik’s media
with 1 mg/ml BSA and 50 g/ml gentamicin sulfate, for
452 D. Alfandari et al. / Developmental Biology 260 (2003) 449–464
20 to 60 min prior to transferring to substrate. Single
CNC explants were transferred into substrate-coated
wells (from a 96-well plate) in Danilchik’s media also
containing BSA and gentamicin sulfate. Simultaneous
time-lapse movies were recorded from a maximum of 48
explants per session, using the Openlab software package
on a Zeiss Axiovert microscope equipped with a Ludl
XYZ stage control.
Immunostaining
Embryos were fixed in MEMFA (Harland, 1991), dehy-
drated in 100% methanol, and embedded in PEG. Embed-
ding, sectioning, and immunostaining were carried out ex-
actly as described in Cousin et al. (2000).
Immunoprecipitation
CNC explants were rinsed in 1 MBS and incubated in
1 MBS containing 2 mg/ml of sulfo-NHS-LC-biotin
(Pierce) for 20 min at 15°C. Labeled explants were trans-
ferred to a new agarose-coated petri dish containing MBS
with 100 mM glycine to quench the excess biotin. After
several changes in fresh MBS, proteins were extracted in
1 MBS, 1% Triton X-100, 5 mM EDTA, 10 mM O-
phenanthroline, and 2 mM PMSF. Cellular debris was elim-
inated by centrifugation (10,000g, 4°C, 30 min). Protein
extracts were precleared by using nonimmune mouse serum
(Sigma) bound to protein G-agarose beads (Roche). Se-
quential immunoprecipitations were performed overnight at
4°C by using 10 g of each purified antibody coupled to
protein G-agarose beads. Beads were washed four times
with TBS 1% Triton X-100 and once with TBS. Proteins
were eluted in 2 nonreducing Laemmli buffer, separated
on 6% SDS-PAGE, and transferred onto nitrocellulose. De-
tection of biotinylated protein was performed by using
streptavidin-HRP as described previously (Alfandari et al.,
1995).
In situ hybridization
Embryos and explants were fixed for 1 h in MEMFA,
dehydrated in 100% ethanol, and processed for in situ hy-
bridization exactly as described in Harland (1991). Photo-
graphs were taken by using a Zeiss Stemi SV6 stereomi-
croscope, a Nikon N90 camera equipped with a Kodak DCS
420 digital acquisition system.
Results
Xenopus CNC migrate on fibronectin, but not on EHS-
laminin, vitronectin, or type I collagen
In Xenopus, cranial neural crest cells (CNC) form a
distinct population of cells at the lateral edge of the anterior
neural plate before neural tube closure (stage 17). In order
to investigate the repertoire of integrins used by these cells
during their migration, explants mostly composed of CNC
were dissected from embryo, placed on purified ECM sub-
strates, and cell migration studied. To confirm that the
explants are in fact CNC, we performed in situ hybridization
by using neural crest-specific markers, X-slug (Nieto et al.,
1994), and X-AP2 (Winning et al., 1991), as probes on a
batch of embryos fixed before or after dissection as well as
on the isolated explants (Fig. 1). We find that X-slug ex-
pression corresponds to the targeted territory and that dis-
sected explants express both X-slug and X-AP2 markers.
Embryos from which CNC have been excised on both sides
can be grown to tailbud stage and treated for in situ hybrid-
ization. In that case, X-twist (Hopwood et al., 1989)-ex-
pressing cells are greatly reduced or absent, suggesting that
CNC cells were entirely taken (Fig. 1). Finally, when trans-
planted homotypicaly into host embryos, the explants be-
have as CNC and migrate ventrally into the predetermined
pathways (Fig. 2,3 in vivo), as was previously reported
(Alfandari et al., 2001; Borchers et al., 2000).
In vitro, cells initiate migration in CNC explants on
fibronectin (100 nM  20 g/ml) with the same timing as
they do in vivo (Fig. 2, and supplemental movie). As
observed in vivo (Sadaghiani and Thiebaud, 1987), ex-
planted cells migrate initially as a cohesive population
and later as single cells (Fig. 2). CNC migration on
fibronectin can be separated into two phases. For the first
4-5 h, the cells migrate as a cohesive sheet at a maximum
speed of 50 m/h (49.8  11.1). During that time, the
surface area occupied by the explants may more than
double. In the second phase, individual cells break free
from the explants and migrate at an average rate of 119
m/h (19 /h). By 10 to 12 h, the assay is stopped and
the expansion of migration is considered maximal. At
this time, the control embryos are between stages 23 and
25, and the majority of CNC cells have reached their final
positions.
For the following studies, we used a series of quanti-
tative analyses to compare explants of various sizes as
presented in Fig. 3A. The first measure corresponds to the
increase in surface area occupied by the explant at the
beginning of the experiment and at 4 h (Fig. 3A, areas
bounded by white lines). A ratio is then obtained that
corresponds to the surface area occupied at 4 h divided by
the surface area occupied initially. A ratio of 1 indicates
that the surface area has not changed. Second, once the
borders of the explants at t  0 and at t  4 h have been
drawn, the distance between these two lines is indicative
of the length migrated by the leading edge cells (red
arrows). The measure of the various distances all around
the explant gives an appreciation of the symmetry of
migration. If all measures are not significantly different,
the explant is symmetrical and migration is centrifugal.
On the other hand, if one side of the explant progresses
faster, this measure will reflect the asymmetry. The third
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Fig. 3. Measures of cranial neural crest cell migration. (A) To compare the various aspects of CNC explants during migration, different measures were
recorded. The border of CNC explants is drawn in white from the first frame (t  0) and after 4 h of migration (t  4, Openlab software). The
geometrical centers of these two areas are represented by asterisks. The surface covered by the explant after 4 h is divided by the surface of the same
explant at t  0 to generate a surface ratio. In each experiment, at least four explants for each substrate were recorded simultaneously. Experiments
were repeated at least two times by using different batches of embryos. The distances from the leading edge at t  0 and after 4 h are indicated by
red lines. The green lines correspond to the trajectories of single migrating CNC cells recorded in 72 min starting at t  8 h. (B) Histogram representing
surface ratios (t  4 h/t  0) of explants on fibronectin (FN), EHS-laminin (LN), vitronectin (VN), collagen I (Coll), and BSA (BSA). The origin
of the surface ratio axis was set at 1 as this value indicates that the surface area has not changed. Error bars represent the standard deviation to the
mean. *t-tests indicate that the surface ratios measured on fibronectin are significantly different than those on other substrates (P  0.01). Substrate
concentration is indicated below each substrate abbreviations (20, 60, or 500 g). (C) Histogram representing CNC and XTC cell attachment to the
same substrates as in (B). BSA is used as a negative control. Error bars represent the standard deviation to the mean. CNC cell adhesion to fibronectin
(FN), EHS laminin (LN), collagen gel (Coll 500 g/ml), and vitronectin (VN) is significantly different from the adhesion on BSA (P  0.01). CNC
cell adhesion to collagen I (Coll at 20 g/ml) is not significantly different from BSA (P  0.2). XTC cell adhesion to all of the substrates above is
significantly different from the adhesion to BSA (P  0.01).
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measure corresponds to the distance that individual CNC
cells have migrated during a defined time interval (Fig.
3A, green lines). Migration speed and persistence can be
obtained from this measure. Measurements on each sub-
strate were performed on a minimum of four explants
from at least two independent experiments (i.e., mini-
mum of 8 explants total). Using these metrics, we tested
CNC migration over a wide range of fibronectin concen-
trations. Migration was observed when fibronectin was
coated with solutions of 100, 50, 25, and 12.5 nM, while
no migration was observed at 6.25 nM. At 12.5 nM, only
50% of the explants migrated.
We then assessed CNC migration on substrate coated
with BSA (as a negative control), EHS Laminin (20 and 60
g/ml), or collagen I (20 g/ml). When compared to sibling
explants placed on fibronectin at the same time, no migra-
tion was observed on these alternate substrates. After 4 h,
the surface occupied by the explant was similar to the initial
surface (Fig. 3B). With the exception of BSA, all the sub-
strates used in this assay were able to promote Xenopus
XTC cell attachment (Fig. 3C). Because collagen can have
very different adhesive properties depending on the concen-
tration and the relative structure (native versus denatured),
we also tested the ability of CNC cells to migrate on a
reconstituted collagen I gel (500 g/ml) using techniques
described in Perris et al. (1991). While CNC migration on
this substrate was increased compared with the lower con-
centration (R  1.29 compare with 1 on BSA), it is still
significantly lower (P 0.04) than migration on fibronectin
(R  2).
To investigate whether the relative absence of migra-
tion on these substrates was simply due to an absence of
cell adhesion, we dissociated CNC explants and tested
the ability of individual CNC cells to attach to the same
substrates (Fig. 3C). In this assay, CNC cells attached
equally well to fibronectin and laminin, while only one-
third of the cells were able to attach to vitronectin. While
no CNC cell attached to the lower concentration of col-
lagen I (20 g/ml), nearly 100% of the cell attached to
the substrate coated with the 500 g/ml collagen gel.
Interestingly, when cell motility was measured in the
dispersed cell assay, we found that it was not signifi-
cantly different on fibronectin (119  29 m/h) when
compared with laminin (109  30 m/h, P  0.05),
suggesting that at the single cell level, both substrates can
promote cell migration.
Fig. 4. CNC explants can form segments on fibronectin. Photographs from two individual explants taken at t  0, t  5, and t  10 h. The white arrows
represent the preferential direction of CNC migration. The first segment individualizes at 5 h, while the remaining two are visible at 10 h. Segments are
numbered 1 to 3 with no specific order. Movies of segment formation can be found online at http://faculty.virginia.edu/alfandari.
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CNC explants are polarized
In vivo, CNC possess a polarity with respect to both the
mediolateral and anterioposterior axis. The medial border is
in direct contact with the neural plate and cells migrate
away from this limit. The most anterior component of the
CNC migrate around the optic vesicle and form the man-
dibular segment, the most posterior migrate on either side of
the otic vesicle in the branchial arches (Sadaghiani and
Thiebaud, 1987). When CNC explants are first placed on
fibronectin, there is no visible asymmetry. In contrast, after
4 h, one side of the explant has usually expanded more
efficiently (for a representative example, compare the top
and bottom of the explant in Fig. 3A and also Fig. 4). The
measure of the progression of the leading edge cells on the
“fast” side shows an average speed of 49.8 11 m/h (n
8), while the same measure from the opposite “slow” side is
significantly lower (7.0  6.6 m/h, n  8, P  0.01).
These results suggest that the mediolateral polarity is con-
served and that the “slow” side may represent the medial
border.
We have also observed that CNC explants can form
segments in vitro. During the first 4 h, cells migrate away
from the explant as a cohesive sheet. Once the sheet is
formed, borders appear between cells that were originally
contiguous. In most cases, one segment segregates first, and
is then followed by the appearance of additional segments
(Fig. 4, and supplemental movie). This clear segmentation
eventually disappears when single cell migration becomes
predominant and covers the intersegment boundaries. The
number of segments (usually 3) is reminiscent of the in vivo
segregation into mandibular, hyoid, and branchial neural
crest segments, suggesting that the anteroposterior polarity
of the explant is also conserved in vitro.
Fig. 5. Cranial neural crest cell migration on various FN fusion proteins. (A) Diagram represents the various FN-fusion proteins used in this study (Ramos
and DeSimone, 1996). (B, C) Histograms representing CNC migration (B) and attachment (C) on various fibronectin fusion proteins. Error bars represent
the standard deviation of the mean. (B) Migration is observed only on the fusion protein containing the central cell-binding domain of fibronectin (9.11).
Mutation within the synergy (9.11a) or the RGD (9.11e) sites of the central cell-binding domain abolishes migration. No migration is observed on the
V-region of fibronectin (V) or the second heparin-binding domain (Hep II). *, P  0.01 when comparing migration on GST-9.11 with any of the other
FN-fusion proteins. (C) CNC attach to GST-9.11, GST-9.11a, and GST-Hep II but not on GST-9.11e or the V-region. Attachment on GST-9.11 is not
significantly different from GST-9.11a (*, P 0.11). CNC cell attachment to GST-Hep II is significantly more than on GST-9.11e or GST-V (**, P 0.01).
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CNC cells migrate on the CCBD of fibronectin
To further investigate which domains of fibronectin were
sufficient to promote CNC migration in vitro, we used
bacterially expressed GST-FN fusion proteins as migration
substrates (Ramos and DeSimone, 1996). When CNC ex-
plants were placed on a fusion protein containing the central
cell binding domain (CCBD) of fibronectin (fusion protein
GST-9.11), cells spread and migrated away as observed on
intact fibronectin (Fig. 2, 9.11). In contrast, no migration
was observed when explants were placed on fusion proteins
containing only the second Heparin binding site (GST-Hep
II) or the variable region (V) of fibronectin (Fig. 5B, P 
0.01). This suggests that CNC cells either do not express or
cannot use the 41 integrin receptor to migrate in vitro. In
order to dissect the relative contribution of the RGD and
synergy sites in this migration, we used two additional
fusion proteins corresponding to the central-cell-binding
domain of fibronectin. The first, GST-9.11a, possesses a
point mutation within the synergy site that changes the
PPSRN into PPSAN. The second fusion protein contains an
RGD-RGE mutation and thus cannot support integrin bind-
ing (Ramos and DeSimone, 1996). When CNC explants are
placed on substrates composed of these fusion proteins, no
migration is observed, showing that both the synergy and
the RGD sites are essential for this process (Fig. 5B, P 
0.01). As previously, we also tested the various fusion
proteins for their ability to promote CNC cell attachment
(Fig. 5C). The results show that cells attach to GST-9.11
and GST-9.11a with no significant difference (P 0.05). In
contrast, mutation of the RGD sequence completely abol-
ished cell attachment to GST-9.11e (P  0.01). There was
also no attachment to the V-region fusion protein, while a
significant proportion of CNC cells were able to bind to the
GST-Hep II fusion protein (Fig. 5C).
The Hep II domain of fibronectin can provide additional
support to CNC.
To compare more precisely CNC migration on fibronec-
tin and the GST-9.11 fusion protein, we tested the minimal
concentration of GST-9.11 that could support migration.
Serial dilutions were carried out from 100 to 6.25 nM and
the relative increase of surface occupied by the explants
after 4 h was measured. In these experiments, we found that
CNC migration did not occur at a concentration of 25 nM
GST-9.11, while in the same experiments, migration on
fibronectin was observed at both 50 and 25 nM (Fig. 6A).
This suggests that either GST-9.11 does not bind to the
plastic with the same efficiency as fibronectin or that an-
other domain of fibronectin is involved in CNC migration.
In a previous study by Ramos et al. (1996), the authors used
ELISA to demonstrate that fibronectin and GST-9.11 coat-
ing to plastic was equivalent. Because we previously ob-
served binding on CNC cells to the GST-Hep II fusion
protein (Fig. 5C), we investigated whether this domain of
fibronectin may be responsible for this increased effective-
ness of fibronectin compared with GST-9.11. We repeated
the serial dilution experiments using a one-to-one mix of
GST-9.11 and the GST-Hep II fusion protein. Interestingly,
in this case, CNC migration occurred at both 50 nM (50 nM
GST-9.11 plus 50 nM GST-Hep II) and 25 nM (25 nM
GST-9.11 plus 25 nM GST-Hep II) as observed for intact
fibronectin (Fig. 6A).
To confirm that the second Heparin-binding domain of
fibronectin was indeed used by the migrating CNC cells, we
performed two additional experiments. In the first experi-
ment, CNC explants were placed on a fibronectin sub-
strate (25 nM, a concentration at which GST-9.11 does
not promote CNC migration) incubated with either dex-
Fig. 6. Cranial neural crest cells can use the Hep II domain of FN.
Histograms representing the ratios between the surface occupied by each
CNC explant at 4 h divided by its surface area before migration (as
discussed in Fig. 3). A ratio of one indicates that the surface has not
changed during the time of recording (no migration). Error bars correspond
to the standard deviation of the mean. (A) Measurements from explants on
fibronectin, GST-9.11 and a one-to-one mix of GST-9.11 and GST-Hep II.
The concentration given corresponds to each fusion protein (25 nM GST-
9.11 GST-Hep II means 25 nM of GST-9.11 plus 25 nM of GST-Hep II).
Statistical analysis shows no significant difference between CNC migration
on either FN or GST-9.11 at 50 nM (*, P  0.11). Significant difference
is obtained between measured migration on FN and GST-9.11 at 25 nM
(**, P  0.01), but not between FN and GST-9.11 plus GST-Hep II at 25
nM (**, P  0.29). (B) Histogram representing surface ratios (4 h/t  0)
from explants on fibronectin (FN, 50 nM) and fibronectin coated with
either dextran-sulfate (Dx) or chondroitin-sulfate (Cx). Blocking of the
Heparin binding domain of fibronectin with dextran-sulfate results in a
significant decrease in CNC migration (White bar, *, P  0.01).
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tran- or chondroitin-sulfate. Dextran-sulfate can bind and
mask the fibronectin Hep II domain, while chondroitin-
sulfate does not (Gaultier et al., 2002; Ramos and DeSi-
mone, 1996). In this case, CNC migration was inhibited
by the incubation of fibronectin with the dextran- but not
the chondroitin-sulfate (Fig. 6B). This result correlates
with the absence of migration observed on GST-9.11
coated at the same concentration (25 nM, Fig. 6A). In the
second experiment, CNC explants were placed on a fi-
bronectin (50 nM) substrate with alternating stripes of
dextran or chondroitin-sulfate so that cells from a single
explant could be presented with a choice of substrate. As
for the previous assay, explants were then grown for 12 h,
but were then fixed and treated for immunofluorescence
by using a monoclonal antibody directed against the 1
integrin subunit to visualize cell protrusions. As seen in
Fig. 7, the initial sheet migration occurred on both striped
substrates, while single CNC cells away from the explant
(Fig. 7C, arrowhead) were found almost exclusively
(90.5  2.9%, n  149, P  0.01) on dark stripes
(chondroitin). This result suggests that during the second
phase of migration, isolated cells preferentially migrate
on substrate containing both the CCBD and Hep II do-
mains of fibronectin. Together, the results presented in
Fig. 6 and 7 show that the second heparin-binding do-
main of fibronectin plays an important role in CNC cell
adhesion and/or migration.
The 51 integrin is essential for CNC migration
Cell interaction with the RGD site of fibronectin is me-
diated through the 51- and v-containing integrins. Ac-
tivation of the 51 receptor requires the presence of the
synergy site of fibronectin. The results presented in this
study implicating the CCBD of fibronectin in CNC migra-
tion, as well as the localization of the 5 mRNA in these
Fig. 7. Cranial neural crest cell migration on heterogeneous substrate. CNC
explants were placed on a fibronectin (100 nM) substrate incubated with
either Dextran-sulfate (Red) or Chondroitin-sulfate (Dark). CNC were left
for 12 h, fixed, and stained with an anti-1 integrin monoclonal antibody
(Green, 8C8) and DAPI (Blue) to visualize the nuclei. Low magnification
images represent the entire explant using phase contrast (A) or fluorescence
(B). (C) Detail of the explant presented in (B, white square). The 1
immunostaining was performed without permeabilization and the staining
of single cells appears polarized (on one side of the nucleus rather than
surrounding it). The white arrowheads point to CNC cells that broke free
and migrated as single cells. While cells within the explant cross over the
red substrate, single cells are confined to the dark (control) part of the
substrata. (D) Axon projections from differentiating neurons are particu-
larly rich in 1 integrin subunit (green) and also avoid the Dextran-sulfate-
coated-fibronectin. The nuclei from these neurons remain very close to the
border of the explant (white arrowheads).
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cells (Joos et al., 1995), suggest that this receptor may play
a central role in CNC cell migration. To confirm that 51
is present at the surface of CNC cells, explants were
labeled with Sulfo-NHS-Biotin, and protein immunopre-
cipitated using monoclonal antibodies directed against
51 (P8D4), 31 (P7A12), and the v subunit
(P3C12). The results show that 51 and 31 are the
most abundant integrins on the CNC cell surface (Fig.
8A). In contrast, the v subunit could not be detected in
these extracts (Fig. 8A, lane 1), while it was clearly
detected in surface-biotinylated gastrula stage extract
(Fig. 8B, lane 1). To control for the presence of addi-
tional major 1-associated integrins on the CNC cell
surface, we performed an immunoprecipitation using the
anti-1 mAb (8C8) on protein extract immuno-depleted
with the anti-3 and anti-5 mAbs (Fig. 8A, lane 4). A
weak signal was observed, suggesting either that the
51 and 31 integrins were not completely depleted
from the extract or that another 1 containing integrin(s)
is present at low levels. To confirm that 51 and fi-
bronectin colocalize in the CNC, we performed immuno-
staining on sections through the anterior region of an
early tailbud stage embryo (Fig. 8C–F). Parasaggital sec-
tions through the three neural crest segments show that
the 5 integrin subunit is enriched in the CNC cells (Fig.
8C and D). Similarly, fibronectin is present around each
segment (Fig. 8E), with a stronger fluorescent signal
detected on the dorsal part of the segment between the
CNC and the epidermis (Fig. 8F, arrowhead).
We then used the 51 function-blocking monoclonal
antibody (P8D4) to investigate CNC cell migration in vitro.
CNC explants were placed on fibronectin in the presence of
P8D4 (100 g/ml) or the monoclonal antibody directed
against the v subunit P3C12 (100 g/ml). CNC migration
was filmed over the course of 10 h after the addition of the
antibody. On fibronectin, P8D4 completely inhibited CNC
cell migration, while P3C12 had no effect (Fig. 9). Similar
results were also observed on GST-9.11, or a combination
of GST-9.11 and GST-Hep II fusion proteins (data not
shown).
Discussion
In this report, we have established the minimal substrate
requirement for cranial neural crest cell migration in vitro.
We show that fibronectin but not laminin, vitronectin, or
type I collagen can sustain CNC migration. Within fi-
bronectin, we demonstrated that the central cell-binding
domain, including the RGD and synergy sites, is required,
and that the second heparin-binding domain, while not es-
sential, is also used by migrating CNC cells. Finally, we
show that CNC cell migration on fibronectin is mediated by
the 51 integrin.
Comparison with other species
Our observations suggest that, in Xenopus, CNC mi-
gration requires only a small number of extracellular
matrix/integrin partners. In chick, CNC can migrate on a
wider range of substrates using 51, 41, and v
integrins (Kil et al., 1996; Lallier et al., 1992). Previous
studies have shown that 4 protein expression in Xeno-
pus starts during tailbud formation (Whittaker and Desi-
mone, 1998). Accordingly, our data show that CNC cells
cannot use the 4 binding site of fibronectin (V-region)
to migrate. The complete absence of CNC cell adhesion
to the V-region fusion protein strongly suggests that
integrin 41 is not functional on these cells. On the
other hand, v protein is expressed maternally and is
present in most cells of gastrula- and neurula-stage em-
bryos (Alfandari et al., 1995; Joos et al., 1998). It is,
therefore, surprising that almost no v protein can be
detected on the CNC cell surface. Adhesion assays using
dispersed CNC cells on vitronectin show that a subpopu-
lation of the cells can attach to this protein suggesting
that they do express v-containing integrins. The absence
of signal by immunoprecipitation and the fact that CNC
do not migrate on vitronectin suggest that the level of v
expression in the entire CNC cell population is low. It is
also possible that the cells that do attach to vitronectin
are in fact not cranial neural crest but rather neural plate
cells that were explanted together with the CNC. Further
work will be necessary to identify these cells conclu-
sively.
One other integrin, 31, is present at the CNC cell
surface. This receptor has been proposed to bind fi-
bronectin, and laminins 1 and 5 (reviewed in Hemler,
1990). Other reports suggest that the 31 receptor may
also function as a homophilic ligand (Sriramarao et al.,
1993). While migration does not occur on laminin 1,
nearly 100% of isolated CNC cells can attach and spread
on this protein. Whether CNC attachment to laminin 1 is
mediated through 31, 61, or another integrin re-
mains unknown at present. Whichever integrin is in-
volved in the adhesion to laminin 1, it appears unable to
promote CNC migration from intact explants. In contrast,
single cells dispersed from CNC explants show the same
motility on laminin and fibronectin. This later result
suggests that migration from intact explants on laminin
may be repressed either by strong cell– cell adhesion or
by the distribution of laminin binding receptors within
the explant (i.e., not exposed). Finally, it is also possible
that in Xenopus the 31 integrin serves to maintain cell
cohesion, within each CNC segment, through homophilic
and/or heterophilic binding, or that it binds to another
ECM protein within the pathway. Because 31 binding
to laminin 5 is involved in cell migration and cell inva-
sion (Giannelli et al., 2002), it will be of interest to test
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the ability of CNC explants to migrate on this substrate as
well as to investigate whether this form of laminin is
present in the CNC pathways.
Segment formation
Studies using avian and mouse embryos have led to a
model of how cranial neural crest segmental identity is
established (Couly et al., 1998; Noden, 1983, 1988; Trainor
and Krumlauf, 2000a). First, within the neural epithelium,
Hox gene expression establishes the antero/posterior loca-
tion. Second, during cranial neural crest cell migration, cell
signaling among neural crest as well as with the surrounding
mesodermal cells, help to maintain this identity. Contribu-
tion of the initial specification versus the subsequent signals
can vary in the different model systems. In the avian model,
the initial identity appears to remain even when cells are
ectopically grafted into more anterior or posterior positions,
suggesting a relative lack of plasticity. In mouse, where
cranial neural crest cells migrate as a loose mesenchymal
population, the exchange of signals within the CNC popu-
lation is not as important as signals received from the
pathway, and thus the mesoderm is essential to maintain
CNC identity (Trainor and Krumlauf, 2000b). Similarly,
experiments done in zebrafish show that CNC cells trans-
ferred to a new environment are more likely to adopt a new
fate if they are either isolated or kept within a small group
of CNC cells. In contrast, when explants containing a larger
number of cells are transplanted, cells tend to keep their
original identity (Schilling et al., 2001). Altogether, these
data suggest that a community effect plays an important role
in the maintenance of CNC cell identity and that plasticity
may be lost when a large number of cells are transplanted.
Our results show that Xenopus CNC explants form distinct
segments in vitro in the absence of migration pathways,
suggesting a strong conservation of positional identity. In
Xenopus, the cranial neural crest segments form before the
onset of migration (Sadaghiani and Thiebaud, 1987). Fur-
thermore, CNC cells migrate as a compact cell population,
suggesting that signals between the CNC cells may easily be
exchanged. It is therefore expected that segment identity
may be preserved when the cells are transferred to an in
vitro environment. Even if signals are normally provided by
the mesoderm during the course of migration, these signals
appears to be mostly negative cues to prevent the wrong
cells from entering a specific pathway (Helbling et al., 1998;
Robinson et al., 1997; Smith et al., 1997). Thus, in vitro the
lack of a putative negative signal does not interfere with
segment formation.
Importance of the Hep II domain of fibronectin
In this report, we show that the second heparin-binding
domain of fibronectin is important for CNC cell adhesion
and possibly migration in vitro. In cell culture, syndecan
binding to this domain of fibronectin is required for focal
adhesion formation (Woods et al., 2000). We have also
recently shown that the same domain of fibronectin interacts
with ADAM13 (Gaultier et al., 2002), a cells surface met-
alloprotease involved in CNC cell migration and possibly
segment formation (Alfandari et al., 2001). Interestingly, at
least two heparan-sulfate proteoglycans are involved in neu-
ral crest cell migration by either stimulating (Versican) or
preventing (Aggrecan) cell progression (Henderson et al.,
1997; Landolt et al., 1995; Perissinotto et al., 2000; Perris et
al., 1996). In Xenopus, syndecans 2 and 3 are expressed in
neural derivatives (Teel and Yost, 1996). During gastrula-
tion, syndecan 2 is essential for fibronectin matrix assembly
as well as cell signaling involved in establishing left–right
assymmetry (Kramer and Yost, 2002). Further work will be
needed to investigate whether one or more syndecans are
expressed on the surfaces of migrating neural crest cells or
on the cells that line the migration pathways and what roles
syndecans may have in this process.
Conclusion
This report presents the minimal substrate requirement
for Xenopus cranial neural crest cell migration. We have
shown that, on fibronectin, cell migration and segment for-
mation can be replicated in vitro. Using this simple system,
future experiments using gain- and loss-of-function reagents
should provide valuable information about the key molec-
ular players that control both cell migration and segment
formation.
Fig. 8. Immunodetection of integrins and fibronectin in cranial neural crest. (A) Immunoprecipitation of cell- surface-biotinylated CNC explants (stage 16–17)
using monoclonal antibodies (6% SDS- PAGE). Protein extracts were subjected to sequential immunoprecipitation by using 10 g of mAb P3C12 (v, lane
1), mAb P8D4 (5, lane 2), mAb P7A12 (3, lane 3), and mAb 8C8 (1, lane 4). Lane 4 represents 1 integrin subunits, present on the CNC surface, that
were not precipitated with the 5, v, and 3 mAb. (B) Immunoprecipitation from biotinylated gastrula stage embryos using mAb P3C12 (v, lane 1) and
mAb 8C8 (1, lane 2). The P3C12 mAb precipitates the v subunit (150 kDa) associated with a  subunit (97 kDa). Due to the higher percentage of the
acrylamide (8%), the  subunits associated with 1 (lane 2) are not resolved. (C–F) Parasagittal section of the anterior half of an early tail-bud stage Xenopus
embryo. Anterior is to the left and dorsal to the top of the pictures. (C) Immunostaining using mAb P8D4 raised against the 51 integrin. Staining is found
in the epidermis (ep). The three cranial neural crest segments (arrowheads; from top to bottom: hyoid, branchial, and mandibular) are distinctly brighter than
the surrounding tissues. Ph, Pharyngeal cavity. (D) Higher magnification of (C), showing the 5 staining in each cranial neural crest cell. (E) Immunostaining
of the same section as in (C) using a rabbit polyclonal antibody raised against Xenopus fibronectin (Lee et al., 1984). Staining is visible between the epidermis
(ep) and the mesoderm (me) as well as between the mesoderm and the endoderm (en). The three neural crest segments are entirely surrounded by fibronectin.
(F) Higher magnification of (E). Fibronectin staining is clearly more intense between the neural crest and the epidermis (arrowhead) compared to the ventral
border between the neural crest and the underlying mesoderm (arrow).
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